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Resumen
Los efectos que ha producido el cambio climático sobre la Tierra son sobradamente cono-
cidos, sin embargo, los combustibles fósiles siguen prevaleciendo sobre las energías re-
novables. La irregularidad en las precipitaciones durante los últimos años ha implicado
una disminución en la capacidad de la presas para producir energía hidroeléctrica, y por
tanto, las fuentes de energía convencionales han sido necesarias para cubrir las nece-
sidades energéticas de la población, lo que ha supuesto un incremento en el precio del
kW ·h.
Por este motivo, el proyecto REDEEM (Recycling Dams for Eolic Energy Making), lleva-
do a cabo por varios profesores e investigadores de la Universitat Politècnica de Catalu-
nya (Barcelona, España), propone reutilizar las infraestructuras ya existentes en presas
y aprovechar los vientos térmicos que se forman en estas zonas para instalar un parque
eólico con turbinas de pequeña escala.
El objetivo de este Proyecto de Final de Grado es evaluar el potencial que tienen ciertas
localizaciones de interés en Cataluña (España) mediante medidas de velocidad de vien-
to tomadas desde estaciones in situ de MeteoCat (agencia meteorológica de Cataluña).
Una vez obtenidas las distribuciones de velocidad de viento en cada emplazamiento, se
han estudiado distintos tipos de turbinas de viento, seleccionando algunas para calcular
su producción de energía anual, así como otros parámetros de interés como su coefici-
ente de potencia Cp (eficiencia) basando dichos cálculos en las especificaciones de los
fabricantes. Además, se ha evaluado si la posibilidad de emplear estructuras flotantes o
estructuras fijas en el fondo de la presa, comúnmente usadas en escenarios "offshore",
puede aportar algún beneficio extra frente a una instalación en tierra o directamente en la
estructura de la presa. Finalmente, se ha llevado a cabo un estudio de viabilidad econó-
mica en el emplazamiento con mejor potencial eólico para todas las turbinas estudiadas,
calculando el coste inicial y variable, el coste por kW , el tiempo de retorno de la inversión
y el beneficio que generaría cada turbina.
Los resultados de este proyecto han revelado que sí hay zonas en Cataluña con suficiente
potencial como para obtener una cantidad razonable de energía. Además, no es solo via-
ble desde un punto de vista de energía producida sino desde el punto de vista económico,
donde las turbinas de eje horizontal han obtenido excelentes resultados, teniendo un cos-
te por kW bastante bajo y un tiempo de retorno de la inversión más corto de lo esperado,
lo que ha permitido obtener unas estimaciones de beneficio bastante esperanzadoras.
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Overview
It is unassailable that Earth is undergoing some changes due to climate change, and fossil
fuels are still the main power source all over the world. Rain regularity over the last years
has become uncertain, what has significantly affected dams’ water reservoirs. Hence their
capacity for producing hydroelectric power has decreased and may continue to decrease.
Indeed, this fact has forced governments to mainly use conventional power sources to
supply energy. Consequently, electricity price has notoriously risen.
In order to propose a solution to this issue, REDEEM Project (Recycling Dams for Eolic
Energy Making), led by several professors and researchers of Universitat Politècnica de
Catalunya (Barcelona, Spain), is studying the feasibility of installing small scale wind tur-
bines in dam areas to reuse the existing infrastructure and take advantage of thermal
winds.
This Bachelor’s Thesis has assessed the wind resource in several dam and valley ar-
eas located in Catalonia (Spain) by evaluating wind speed measurements taken in situ by
weather stations belonging to MeteoCat (Catalan meteorology agency). Once the wind
speed distribution at each location was known, it was possible to calculate the annual en-
ergy output by a selected set of small scale wind turbines. Additionally, other interesting
parameters have been calculated, such as the power coefficient (Cp), which determines
how efficient the turbine is. All calculations are based on technical specifications provided
by manufacturers. Moreover, the project has evaluated the possibility of employing floating
structures and foundations, typically deployed in offshore environments. Eventually, an
economic study has been carried out to determine the economic viability of the project at
the best location. For this purpose, initial and variable costs, cost of energy, payback time
and profit have been calculated for each turbine.
This project has resulted in some of the studied locations being interesting candidates for
wind energy generation, that is, being able to produce a very reasonable amount of energy
per year. Besides, the economic evaluation has demonstrated that the installation is viable
from a financial point of view as turbines have obtained rather low cost of energy values
and relatively short payback times.
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INTRODUCTION
It goes without saying that the current power model is no longer sustainable. Indeed, it has
already shown several severe knock-on effects, such as the increase of temperatures all
over the world that consequently provoke natural disasters. Having said that, it is crucial to
take action to prevent further consequences and mitigate the effects that Earth is currently
undergoing.
Renewable energy is widely thought to be an outstanding alternative to the current model,
which is mainly based on the exploitation of fossil fuels such as coal. That is why many re-
searchers and organisations are striving to develop innovative and doable projects related
to renewable resources such as REDEEM (Recycling Dams for Eolic Energy Making),
which has been undertaken by several professors of Universitat Politècnica de Catalunya
(Barcelona, Spain). The main idea of the project is to set up a wind farm in Catalonia,
specifically, in dam areas in order to reuse dam infrastructures, whose utilisation may de-
crease due to the irregularity of the weather. There are two great advantages: first, wind
turbines will take advantage of thermal winds, and second, the existing dam infrastructure
for hydroelectric energy handling and distribution will be reused, hence no extra expenses
in terms of infrastructure will be incurred besides basic cabling.
For the purpose of supporting the aforementioned project, this Bachelor’s Thesis will try to
shed some light on some aspects of the project. Specifically, this thesis will be divided into
four chapters, each covering a relevant topic.
First, a statistical study will be carried out by assessing real wind speed measurements
taken by in situ weather stations belonging to MeteoCat to determine the potential of each
studied location. Wind speed distributions will be shown and they will be fitted by different
distributions (i.e. Weibull, Rayleigh, Beta and Burr) to choose the most suitable for each
location.
Second, different types of turbines will be assessed to evaluate their pros and cons, and
eventually, a market study will be performed by means of which some turbines will be
selected to calculate analytic results at each studied location. Matlab has been utilised to
calculate all parameters and distributions. It is important to highlight that inputs have been
provided by manufacturers (power curves and technical specifications).
Third, the idea of bringing the offshore concept to dam areas has been evaluated. It
is widely known that offshore wind farms have a wide range of advantages over ground-
based wind farms, such as the possibility of installing immense wind turbines, but it remains
to be seen if floating structures and foundations would provide any interesting benefit.
Fourth, an economic study will determine whether the wind farm at the best studied loca-
tion is viable or not by evaluating the initial and variable cost of the installation. Afterwards,
Levelised Cost of Energy (LCOE) will be calculated for each turbine and will be compared
to conventional resources. Furthermore, yearly annual rate and payback time will indicate
how attractive the investment is assuming a turbine lifetime of twenty years. Finally, profits
or losses (if applicable) will be calculated.
Finally, the reader will realise that setting up a wind farm consisting of small scale turbines
in dam areas in Catalonia is both technically and economically viable. Energy output re-
sults are rather promising and payback times are very reasonable. In addition, turbines,
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specially Horizontal-Axis Wind Turbines (HAWTs) rather than Vertical-Axis Wind Turbines
(VAWTs), will be capable of producing profit. Nevertheless, floating structures and founda-
tions will be discarded due to the lack of advantages and their high cost.
CHAPTER 1. COLLECTION & EVALUATION OF
WIND SPEED DATA
As some studies focused on wind power have revealed, the Northern European region
might experience an increase in the mean annual wind energy output set against the
Southern region, that is expected to decrease due to a likely decrease in the intensity
of synoptic winds [1]. In addition, the aforementioned studies point out that the variability
of the mean annual wind energy output is likely to become higher, hence the regularity of
the production of wind power will inevitably be affected [1].
In view of this, it is essential to explore other sources that can substitute the lack of en-
ergy caused by this decrease. In this context, thermal winds can play a major role since
their high regularity and periodicity makes them an ideal candidate for this purpose. These
winds may appear in mountainous areas due to the temperature gradients within moun-
tains and to buoyancy effects related to the diurnal cycle of heating-cooling over these
areas [2].
In order to assess the suitability of the winds in valleys and dams, and support the RE-
DEEM project (REcycling Dams for Eolic Energy Making) which has been undertaken by
several professors of Universitat Politècnica de Catalunya (BarcelonaTech), a feasibility
study will be performed. Since the target of the project is to set up wind turbines on valleys
and dams located in Catalonia, wind speed data is needed to analyse the feasibility of the
project. There are several candidates where the wind turbines could be set [3], however,
it is reasonable to first gather up the data related to the wind speed measured by in situ
weather stations.
1.1. Methodology
In order to evaluate whether the sites are suitable for setting up wind turbines, a statistical
study will be performed next. The idea is to analyse the wind speed data from in situ
weather stations, which are managed by MeteoCat (i.e. Catalan Weather Services) in this
case. Each weather station takes measurements at different heights, thus it is reasonable
to extrapolate wind speed to hub height of each turbine by using the classical potential
wind Equation (1.1).
VH =Vs · ln(H/z0)ln(Hs/z0) (1.1)
Where VH is the wind speed at hub height H, Vs is the wind speed measured at weather
station’s height Hs, and z0 is the roughness length. In this context, the roughness length
will be determined relying on the type of terrain (typically related to the height of terrain
roughness elements) in accordance with World Meteorological Organisation (WMO) spec-
ifications set out in [4]. Results are shown next in Table 1.1. Class Index refers to the
roughness of the terrain and the obstacles that surround the place. As a mere introduc-
tion, low Class Index values indicate that the terrain is clear of obstacles, and high values
otherwise. Note that Class Index values range from 1 to 8.
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Class Index - - 7 7 5
z0 (m) - - 1 1 0.25
Table 1.1: Roughness Length values at each location
Note that missing values at Siurana and Darnius simply indicate that potential law will
not apply since wind speed measurements are taken at hub-height (i.e. 10 metres above
ground).
Once the set of wind speeds at hub height (assuming that all turbines can be attached
to a tower) for a certain location has been acquired, wind speeds will be depicted on
a histogram according to their likelihood. Next, it will be necessary to obtain a function
which adequately fits the set of data. In the context of wind speed data collection, the
most extended functions are the so-called Weibull Function, and the Rayleigh Function
[5, 6, 7, 8, 9]. In this study both will be assessed in order to see which reaches the best fit.
Despite the fact that the aforementioned functions are the most common and well known,
other studies reveal that in some cases other functions could obtain a mildly better fit.
Specifically, Professor Touré in [10] highlights the goodness of fit of the Beta Distribution
Function for a set of experimental wind speed measurements taken in Ivory Coast. In view
of this, Beta distribution will be tested as well in order to evaluate whether it provides a
better fit or not in comparison to Weibull and Rayleigh. Eventually, it will be interesting to
include an uncommon function for wind speed data fitting, such as Burr, to see how well it
fits data.
After obtaining the distribution functions, it will be possible to determine the wind power
density at each location (see Equation (1.2)), which is an indicator which shows the ca-
pacity of wind resources in a specific site regardless of the type of turbine.
P(V )
A
=
∫ ∞
0
1
2
ρV 3 f (V )dV (1.2)
Where ρ is the air density, V is the wind speed, A is the swept area and f (V ) is the
probability function. The air density ρ will be calculated by using the International Standard
Atmosphere (ISA) depending on the altitude of each location (see Table 1.2).
Darnius Boadella Siurana Camarasa Certascan Oliana
Altitude (m) 158 500 668 2,234 490
Air density ρ (kg ·m−3) 1.21 1.17 1.15 0.98 1.17
Table 1.2: Air density at the different locations of interest
Before proceeding to obtain the results, it is pertinent to briefly introduce each distribution
in order to have an idea of the relevant parameters and expressions that describe them.
1.1.1. Weibull Distribution
Weibull Distribution is a continuous probability distribution which is used to model process
times. It can be affirmed that Weibull is the most common distribution for modelling wind
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frequency distributions as several investigations on fitting goodness of different distribu-
tions, such as [11], have shown. A great feature of the Weibull distribution is its excellent
flexibility, so it can fit a wide range of sets of data.
Concerning the Weibull Probability Density Function (PDF), in general, it is characterised
by two parameters: Shape Parameter k (also named A by Matlab), and Scale Parameter λ
(also named B by Matlab). Different methods exist by which the aforementioned parame-
ters can be calculated, however, in this case the Matlab function fitdist obtains directly the
necessary parameters for fitting any distribution.
Once these parameters are known, Weibull Probability Density Function can be described
as follows.
f (x | k,λ) =
{
k
λ ·
( x
λ
)k−1 · e−( xλ)k x≥ 0
0 x< 0
(1.3)
The shape of this expression undergoes a radical change when the Shape Parameter
changes (see Figure 1.1). For Shape Parameter values ranging from 0 to 1 (0 < k < 1),
the function tends to the infinite when x approaches zero whereas it tends to zero as x
tends to the infinite. When k = 1, the function tends to 1/λ as x approaches zero while
the function tends to zero as the value of x grows. Lastly, for k > 1, the function tends to
zero as x approaches zero, then increases until it reaches its mode and finally decreases
tending to zero as x grows.
Figure 1.1: Weibull PDF for different values of k
Besides the classic two-parameter Weibull, other innovative variations exist, such as the
three-parameter Alpha Logarithmic Transformed Weibull Distribution [12], which have been
created and modelled to provide even a better fit than the conventional Weibull. Neverthe-
less, the expressions that characterise these functions are rather complex, hence they are
out of the scope of the project.
Finally, Weibull Cumulative Density Function is shown next.
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f (x | k,λ) = 1− e−( xλ)
k
(1.4)
1.1.2. Rayleigh Distribution
Rayleigh Distribution is a continuous probability distribution as well, and it is characterised
by the Scale Parameter σR (also named B by Matlab). Rayleigh is somewhat related to
Weibull since it is a special case of Weibull Distribution. Indeed, Rayleigh and Weibull
are equivalent when Weibull Scale Parameter is λ = 2, and Weibull Shape Parameter
is k =
√
2 ·σR. Hence, it is also a very extended distribution for calculating wind speed
frequencies.
Rayleigh Scale parameter can be calculated analytically by using Equation (1.5), however,
Matlab function fitdist computes the value. Rayleigh Probability Density Function is shown
below as well (see Equation (1.6))
σR =
√
1
2n
n
∑
i=1
x2i (1.5)
f (x | σR) = xσ2R
· e−
(
x2
2·σ2R
)
(1.6)
Eventually, Rayleigh Cumulative Density Function is defined below.
f (x | σR) = 1− e
−
(
x2
2·σ2R
)
(1.7)
1.1.3. Beta Distribution
Beta Distribution is a continuous probability distribution which is defined on the interval
[0,1] set against Rayleigh and Weibull. This distribution is characterised by two shape
parameters α and β (also named A and B by Matlab, respectively). Once again, these
parameters can be obtained analytically but in this study, they will be calculated by means
of Matlab.
In contrast to the previous two functions, Beta Distribution is less common when it comes
to fitting wind speed distributions but it is a well-known distribution which is utilised in a
great variety of disciplines.
As it has been mentioned before, the set of data to be fitted by Beta Distribution must be
within the interval [0,1], thus a normalisation of the wind speed is required in order to fulfil
the condition. Actually, the idea is to work with relative wind speeds, where 0 6 vr 6 1
(see Equation (1.8)).
vr =
vi
vmax
(1.8)
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Once both shape parameters are known and the conversion to relative wind speed has
been carried out, Beta Probability Density Function can be fully characterised as follows:
f (x | α,β) = x
α−1 · (1− x)(β−1)
B(α,β)
(1.9)
Where B(α,β) is a constant known as Beta Function which can be computed as follows:
B(α,β) =
∫ 1
0
tα−1(1− t)β−1dt (1.10)
Lastly, Beta Cumulative Density Function, which is known as the regularised incomplete
Beta Function, is characterised next.
Ix(α,β) =
B(x | α,β)
B(α,β)
(1.11)
1.1.4. Burr Distribution
Burr distribution, also known as the Burr Type XII distribution or the Singh-Maddala distri-
bution, is a three-parameter family of distributions on the positive real line. This distribution
is characterised by parameters α, c and k, being all of them greater than zero. Parameters
will be computed by using Matlab as before.
Burr can fit a wide range of different data as some studies reveal [13] [14] because it is
a very flexible function that can get many different shapes. Normally, Burr is utilised for
studies related to household income, crop prices, insurance risk, travel time, flood levels,
and failure data. It remains to be seen whether it will be useful for the purpose of this study.
Burr Probability Density Function (Equation (1.12)) and Cumulative Density Function (Equa-
tion (1.13)) are characterised as follows.
f (x | α,c,k) =
kc
α (
x
α)
c−1(
1+( xα)
c
)k+1 (1.12)
f (x | α,c,k) = 1− 1(
1+( xα)
c
)k (1.13)
1.2. Results Assessment
After collecting wind speed data from in situ MeteoCat weather stations at Darnius Boadella,
Certascan, Camarasa, Oliana and Siurana, a Matlab code has been created in order to
process the data in accordance with the prior section. Notice that Beta Distribution has
been discarded since it does not provide the expected fit (results have been annexed to
this document).
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For the sake of validating whether the utilised probability distribution functions are ap-
propriate or not to model the frequency of wind speed at the locations of the study, the
Kolgomorov-Smirnov test will be used. Indeed, Matlab has a specific function which per-
forms this: kstest2. This function provides two outputs: first, it indicates whether the null
hypothesis is rejected or not at 5% significance level (if not rejected, theoretically, the PDF
is likely to be a good candidate for fitting the data), and second, returns the p-value (the
closer the value to one is, the better the fit).
It is adequate to first introduce briefly each location, and then, proceed to present the
results obtained and comment on them by highlighting their most important features.
1.2.1. Darnius Boadella
Darnius Boadella’s dam is located in the region of Girona (North-East of Catalonia) since
1969. It has a capacity of 60.2 hm3 and the height of the dam is equal to 63 metres.
The principal function of this dam is to supply water to urban areas nearby and close-by
plantations. Moreover, it is utilised for generating hydroelectric power.
MeteoCat’s weather station at Darnius Boadella is available since April 2015 and mea-
sures wind speed at 10 metres (hub-height). Results are shown next, where Wind Energy
Density refers to amount of energy density per year.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
2.64 1.7 35.04 306
Table 1.3: Important wind parameters at Darnius Boadella
Figure 1.2: Wind Speed Distribution PDF at Darnius Boadella from April 2015 to December
2017
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Figure 1.3: Wind Speed Distribution CDF at Darnius Boadella from April 2015 to December
2017
As shown in Table 1.3, wind speed mean at Darnius Boadella is equal to 2.64 m · s−1 and
its standard deviation is 1.7 m · s−1, which indicates a relatively high spread. The most
frequent wind speeds are focused on the interval 1.5 to 2.5 m · s−1 (specifically, 53% of
measurements), which denotes that the wind speed at Darnius Boadella is mildly weak,
therefore it remains to be seen whether any wind turbine can produce enough energy from
the location in order to make the installation feasible. Nevertheless, wind power density at
this location is still acceptable as well as its wind energy density (annual).
Concerning the goodness of fit of the different distributions, it can be easily seen in Figure
1.2 and Figure 1.3 that Burr distribution fits data much better in comparison to Beta and
Weibull, whose fit is certainly unacceptable. What is more, according to the analytic results
shown below in Table 1.4, Rayleigh distribution rejects the null hypothesis and its p-value
is below the 5% significance level. Besides Rayleigh, Weibull does not reject the null
hypothesis but its p-value is considerably low, hence its reliability is questionable. In view
of this, it is unquestionable that Rayleigh must be disregarded, and Weibull is not reliable
enough, set against Burr, that gets a magnificent fit by far as validated by its p-value which
is extremely close to 1.
Weibull Rayleigh Burr
Null Hypothesis Rejection No Yes No
P-value 0.1183 0.0341 0.9976
Table 1.4: Kolgomorov-Smirnov Test results at 5% significance at Darnius Boadella
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1.2.2. Siurana
Siurana’s dam is located in the region of Tarragona (South-East Catalonia) since the end
of its construction in 1972. This dam has a capacity of 12.43 hm3, relatively smaller than
Darnius Boadella, and its height is roughly 63 metres. Besides, Siurana’s dam belongs
to Ebro’s basin dams group ("Embalses de la Cuenca del Ebro") as well as other dams
located near Ebro river, such as "El Grado".Its functions are similar to the previous dam: it
supplies water but it does not produce hydroelectric power, therefore, no electrical infras-
tructure exists and choosing this location would imply incurring the costs related to creating
it.
Siurana’s weather station measures wind speed at 10 metres since November 2014. Re-
sults at hub-height are shown next.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
2.67 0.92 16.2 141.94
Table 1.5: Important wind parameters at Siurana
Figure 1.4: Wind Speed Distribution PDF at Siurana from November 2014 to December
2017
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Figure 1.5: Wind Speed Distribution CDF at Siurana from November 2014 to December
2017
Wind speed mean at Siurana is approximately equal in value to Darnius Boadella’s, how-
ever, the dispersion of wind speeds is now much better since the standard deviation value
is significantly lower (see Table 1.7). In contrast to the previous location, the most frequent
wind speeds are allocated within the interval [2,3] m · s−1, which is a pro of this set of data,
nevertheless, higher wind speeds (values greater than 6 m · s−1) hardly ever take place in
comparison to Darnius Boadella. In fact, as seen in Table 1.7, wind power density at this
location is remarkably lower as well as the annual energy density. Despite the fact that
these differences are noticeable, it is uncertain whether these values of wind speed will be
capable of producing a reasonable amount of wind power due to the cut-in values of wind
turbines.
In this case, Weibull seems to have a better fit compared to the previous location, but
Rayleigh leaves a noticeable gap between its own function and the real data. Burr is again
the best candidate as it can be seen in Figure 1.4 and Figure 1.5, actually, Kolgomorov-
Smirnov test confirms this by not rejecting the hypothesis and giving a p-value approxi-
mately equal to 1. Nonetheless, according to the analytic values in Table 1.6, the test does
not even reject the null hypothesis for Rayleigh nor Weibull, but their p-value is not high
enough to rely on these distributions in this context, thus Burr will be utilised for modelling
wind distribution data in this location.
Weibull Rayleigh Burr
Null Hypothesis Rejection No No No
P-value 0.3650 0.4985 ≈ 1
Table 1.6: Kolgomorov-Smirnov Test results at 5% significance at Siurana
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1.2.3. Certascan
Certascan lake is the largest lake of the Catalan Pyrenees, which is located in a moun-
tainous area (Northern Catalonia) at roughly 2,400 metres above sea level. This lake
belongs to the Alt Pirineu National Park and its water is utilised by the hydroelectric plant
of Tavascan.
MeteoCat’s weather station at Certascan measures wind speed at 6 metres since its inau-
guration in November 2000. In accordance with these measurements, results at hub-height
are shown below.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
3.57 1.9 43.23 378.7
Table 1.7: Important wind parameters at Certascan
Figure 1.6: Wind Speed Distribution PDF at Certascan from November 2000 to December
2017
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Figure 1.7: Wind Speed Distribution CDF at Certascan from November 2000 to December
2017
Results seem to be more encouraging in this context: wind speed mean has increased to
3.57 m · s−1, but standard deviation is very similar to Darnius Boadella’s, thus spread is
higher. In comparison to the previous cases, greater values of wind speed appear much
more often and wind speed frequencies are much more equalised and regular. Indeed,
it can be seen that the most frequent intervals are within [1,4.5] m · s−1. Wind power
density confirms that this location is a better candidate than the previous two since its
value is higher as well as its annual energy density value. In this context, apparently, cut-in
speeds of wind turbines are not likely to become a problem since small scale wind turbines
normally have cut-in speeds around 3 m · s−1.
Regarding how well the studied distributions fit the set of data, it is unassailable that their
fit is pretty accurate. Actually, a more regular distribution of the wind speeds seems to
have a positive impact on the goodness of fit of the distributions. Having a look at Weibull
and Rayleigh (see Figure 1.6 and Figure 1.7), it can be seen that they overlap, that is
because in this case they are the same curve (note that they have the same p-value as
well). According to Table 1.8, any distribution rejects the null hypothesis, however, now
both Rayleigh and Weibull have a greater p-value in comparison to Burr. Having said that,
it is appropriate to utilise Weibull (or Rayleigh) as distribution at this location.
Weibull Rayleigh Burr
Null Hypothesis Rejection No No No
P-value 0.8621 0.8621 0.6237
Table 1.8: Kolgomorov-Smirnov Test results at 5% significance at Certascan
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1.2.4. Camarasa
Camarasa’s dam was built during 1920s decade and it is located in the region of Lleida
(Western Catalonia). This location is a mountainous area, very steep, which could hamper
the installation of wind turbines depending on the selected area of installation.
The dam has a capacity of 163 hm3, the largest one so far, and its height is equal to 163
metres. The main purpose of the dam is to generate hydroelectric power.
Wind speed measurements are taken at 2 metres height since March 2006. Results at
hub-height are shown next.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
5.75 2.45 186.52 1,634
Table 1.9: Important wind parameters at Camarasa
Figure 1.8: Wind Speed Distribution PDF at Camarasa from March 2006 to December
2017
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Figure 1.9: Wind Speed Distribution CDF at Camarasa from March 2006 to December
2017
Wind speed mean at Camarasa is equal to 5.75 m · s−1, and its standard deviation is 2.45
m · s−1. These results are rather different in comparison with previous scenarios. Indeed,
its mean value is much higher than others, and so is its deviation. It is important to realise
that now the wind speed span is much wider, actually, relatively strong winds take place
here often. Winds up to 14 m · s−1 are now likely to happen, and wind speeds greater than
6 m · s−1 are not an exception. That being said, it is obvious that wind turbines will be able
to operate at their full potential, reaching typical rated powers for small-scale wind turbines
and take advantage of their performance.
In addition, having a look at the potential of Camarasa, it can be seen in Table 1.9 that its
wind power density is very high. What is more, in accordance with these results, Camarasa
is the best candidate so far, and it remains to be seen whether the last candidate will be
capable of improving these prospects.
Regarding the fit of the studied distributions, it is now important to take into account that
the irregularity of the wind speed distribution plays a major role because it will hamper the
fitting goodness. At first glance, Burr looks like the best candidate for Camarasa, how-
ever, according to the Kolgomorov-Smirnov test results in Table 1.10, the best candidate
is Rayleigh although both Weibull and Burr reject the null hypothesis. Hence, in order to
abide by the criterion that has been established so far, Rayleigh will model this set of data.
However, power output results for all three distributions will be included in Appendix D to
highlight that there is no radical difference in terms of analytic results.
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Weibull Rayleigh Burr
Null Hypothesis Rejection No No No
P-value 0.1397 0.975 0.2135
Table 1.10: Kolgomorov-Smirnov Test results at 5% significance at Camarasa
1.2.5. Oliana
Oliana’s dam is relatively close to Camarasa’s dam, and it is located in the region of Lleida
(Western Catalonia). The construction started in 1946 taking advantage of the steep zone
of Grau de Oliana, which is a very rocky zone in between two mountains.
Dam’s capacity is equal to 101 hm3 and its height is approximately 102 metres. Thus, it
is a pretty large dam in terms of capacity in view of the candidates of the study, and its
principal function is to produce hydroelectric power.
Wind speed measurements are taken at 2 metres since June 2000. Results for Oliana at
hub-height are shown below.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
2.25 0.88 9.92 86.86
Table 1.11: Important wind parameters at Oliana
Figure 1.10: Wind Speed Distribution PDF at Oliana from June 2000 to December 2017
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Figure 1.11: Wind Speed Distribution CDF at Oliana from June 2000 to December 2017
In accordance with results shown in Table 1.11, Oliana seems the weakest candidate since
its wind power density value is the lowest. What is more, its wind speed mean value is the
lowest as well, although its standard deviation is acceptable. The most frequent wind
speed values are within the interval [1,3] m · s−1 which is an issue as it could cause a
conflict in terms of cut-in wind speeds of wind turbines. In short, wind strength at Oliana
might not suffice to generate a reasonable quantity of power to set up a wind farm. In
fact, wind speed values greater than 6 m · s−1 are practically nonexistent, therefore wind
turbines would not be capable of taking advantage of their whole potential, taking into
account that small scale turbines normally have rated wind speeds that are considerably
higher in value than the results obtained at Oliana.
Regarding how well the three studied distributions fit this set of data, Burr to be the best
candidate again even though Beta has a nice visual fit whereas Rayleigh provides a worse
fit in comparison to the previous distributions. Having a look at analytic results in Table
1.12, results confirm that Burr is the most reliable distribution. Surprisingly, Weibull rejects
the null hypothesis due to its p-value even though at first glance was thought to be ac-
ceptable. It is important to point out that null hypothesis tests sometimes result in wrong
conclusions due to errors. However, in this study this kind of errors will not be considered
and thus, Weibull will be simply disregarded. Lastly, something similar happens concerning
Rayleigh, apparently its fit is not the best, nevertheless, its p-value is quite acceptable.
Weibull Rayleigh Burr
Null Hypothesis Rejection Yes No No
P-value 0.0406 0.6246 0.8010
Table 1.12: Kolgomorov-Smirnov Test results at 5% significance at Oliana
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1.2.6. Summary of Candidates
For the sake of summing up the most important insights into the studied candidates, Table
1.13 outlines important characteristics of each. Moreover, candidates have been ranked
according to their potential for producing wind power.
Mean (m · s−1) Standard Deviation (m · s−1) Wind Power Density (W ·m−2) Wind Energy Density (kW ·h ·m−2)
Camarasa 5.75 2.45 186.52 1,634
Certascan 3.57 1.9 43.23 378.7
Darnius 2.64 1.7 35.04 306
Siurana 2.67 0.92 15.75 137.97
Oliana 2.25 0.88 9.92 86.86
Table 1.13: Ranking of the candidates according to their Wind Power Density
CHAPTER 2. ASSESSING DIFFERENT TYPES
OF WIND TURBINES
When it comes to classifying wind turbines, it can be stated that there are two main groups:
Horizontal-Axis Wind Turbines (HAWT) and Vertical-Axis Wind Turbines (VAWT). This cat-
egorisation, based on the axis of the turbine (i.e. main shaft about which the rotating parts
revolve), is more practicable for obvious reasons and thus more common [15].
Nevertheless, wind turbines can also be classified depending on the forces that trigger
the movement of the blades. According to this fact, two groups of wind turbines come up:
lift-based turbines and drag-based turbines [16]. It is important to point out that certain
turbine types can work only with HAWT (or vice versa), whereas others can work with both
options.
2.1. Horizontal-Axis Wind Turbines
Horizontal-Axis Wind Turbines are probably the most common type of wind turbines: their
rotor has a horizontal rotation axis, they are lift-based turbines and they are highly likely to
have a "propeller-like" appearance. Although usually it comes with three blades, it can have
a smaller or larger number of blades [16], however, research into this topic has demon-
strated that three blades are the optimal alternative since the balance and efficiency are
significantly enhanced [17].
A propeller turbine can be mounted in two ways as far as the wind direction is concerned:
upwind and downwind [16]. In the upwind configuration, blades are in front of the tower,
while in the downwind configuration wind hits the tower before it reaches the turbine blades.
Therefore, we can infer that the tower makes a difference as it has an impact on the airflow.
Figure 2.1: Two alternatives for setting up propeller turbines [16]
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In addition, since a propeller turbine is a horizontal-axis wind turbine, its blades must be
facing the wind in order to produce the maximum power. That is the reason why all pro-
peller turbines include a mechanism that permits them to rotate in accordance with the
direction of the wind, which is measured by a sensor that indicates the adequate rotation.
2.1.1. Advantages of HAWT
First, it is important to consider that the height of the pole allows the blades to reach higher
altitudes, hence the blades have access to altitudes where the wind blows in a stronger
manner. Therefore, the energy production is higher.
Second, the efficiency is high since the blades move perpendicularly to the direction of the
wind. The aforementioned "yawing" mechanism plays a major role here, optimising the
production of power even in changing scenarios.
2.1.2. Disadvantages of HAWT
The main inconvenient of these turbines is their mass: huge and heavy towers are required
to support the blades, gearbox and the generator. Consequently, the installation of these
turbines is mildly complex and expensive. The "yawing" mechanism is necessary, thus it
increases the complexity of the system as well as its price.
Moreover, they require large areas in which they can be set up in order not to affect visibility
nor the operation/safety of third parties.
Lastly, it is important to mention that downwind configurations suffer from fatigue and struc-
tural failure due to turbulence when a blade passes through the tower’s wind shadow. For
this reason, the great majority of Horizontal-Axis Wind Turbines are deployed using an
upwind configuration.
2.2. Vertical-Axis Wind Turbines
Some experts reveal that Vertical-Axis Wind Turbines seem to be older than their horizontal
equivalent [18]. However, Horizontal-Axis Wind Turbines have been dominating the wind
turbines market so far despite the fact that the interest in Vertical-Axis Wind Turbines has
significantly increased during last twenty years.
Set against Horizontal-Axis Wind Turbines, these turbines require certain wind direction
conditions. They overcome the difficulties of propeller-based windmills by orienting the
rotation axis so that the full force of the wind can be sensed from any direction [19].
Several variations of Vertical-Axis Wind Turbines exist: H-Rotor (see Figure 2.2), Savonius
Rotor (see Figure 2.3) and Darrieus Rotor (see Figure 2.4).
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2.2.1. H-Rotor
As its own name indicates, the H-Rotor is a Vertical-Axis Wind Turbine, lift-based, in the
shape of H. The two vertical segments of the letter H are the active blades, which are
connected to the shaft by the middle segment. The lift force on the two blades of the
H-rotor generates a torque about the turbine shaft that triggers the rotation of the turbine.
Despite the fact that H-Rotors normally consist of two blades as it has been mentioned
before, they could also consist of three or more blades in order to make the operation
smoother.
Figure 2.2: Picture of a three-blade H-Rotor (HVD ZUTZ Youtube)
2.2.2. Savonius Rotor
In contrast to the other two Vertical-Axis Wind Turbines, the Savonius Rotor is a drag-
based turbine and its construction is relatively simple. The simplest variation of the rotor
consists of two half cylinders put together in the form of letter S. It is possible to add more
half cylinders in order to increase the capacity of wind capture.
Figure 2.3: Helical variation of Savonius Rotor
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In comparison to the other two lift-based rotors, Savonius Rotor has roughly half of the
power capture capability. Nevertheless, it is important to highlight that its main advantage
is capturing low speed winds, and it has a good starting torque as well. Furthermore, it
can be installed either vertically or horizontally. If a Savonius rotor is installed horizontally,
then the direction of wind matters for its operation.
Even though the Savonius rotor has a simple structure and has a number of advantages
over the propeller turbine, its application at industrial level is very limited due to its low
power coefficient and its bulkiness.
2.2.3. Darrieus Rotor
Darrieus Rotor bears a resemblance to the H-rotor in terms of having a vertical axis and
working based on the lift force. The difference comes up when assessing how the blades
are attached to the shaft: they are continued from both up and down and are curved (see
figure below). The main tower supporting the turbine shaft does not need to be as stiff and
strong as it must be in an H-rotor.
The main issue of this rotor that has a very significant impact on this project is that it does
not have a good starting torque. In short, taking into account that the winds that turbines
will encounter in the scenarios of this project will be low speed winds, we can affirm that
the rotor will have some difficulties in starting to rotate. In view of this, it is unquestionable
that this rotor is not an appropriate candidate for the project.
Figure 2.4: Dornier’s Eole-D (Rated Power=50 kW), Stuttgart (Germany)
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2.2.4. Advantages of VAWT
The main advantages of Vertical-Axis Wind Turbines are that their basically simple design
includes the possibility of housing mechanical and electrical components, gearbox and
generator at ground level and that there is no yaw system. Consequently, we can affirm
that the installation cost is much lower in comparison to propeller-like turbines.
Indeed, Vertical-Axis Wind Turbines can take advantage of a thriving portion of the current
market: urban environments. These turbines can sometimes be better integrated in build-
ing designs and, with a relatively lower rotational speed than their horizontal equivalent,
can make a case for greater safety and less noise and vibration [20].
Lastly, it could be stated that wind rotors with vertical axes might still have a potential for
development which has not been exhausted yet [15].
2.2.5. Disadvantages of VAWT
The main inconvenience of Vertical-Axis Wind Turbines is its inability to start rotating which
involves not being able to control power output. Besides, they are prone to experience stall
under gusty wind conditions, thus finding the appropriate settlement for these turbines can
turn out to be extremely complicated.
Under no circumstances should we forget their dynamic stability problems: dynamic anal-
ysis of a VAWT is extremely difficult due to the variability of local air flow conditions [19].
Actually, it is very complicated to make accurate forecasts of the inflow conditions of the tur-
bine. Furthermore, a major concerning issue of these turbines is overcoming the fatigue
loading problems they experience although their fatigue tolerance is better than HAWTs
[21].
Eventually, it is vital to mention that despite the fact that Vertical-Axis Wind Turbines nor-
mally utilise simpler blade designs which allow cheaper installations, this is counterbal-
anced by a need for bigger installations due to their low speed design and lower efficiency
in comparison to HAWTs.
2.3. Suitable Candidates
Once the theoretical approach has been exposed, all pros and cons can be weighed up
according to the need of the project. Undoubtedly, all enormous wind turbines are dis-
carded since their bulkiness and wind requirements are out of the range of the purpose of
the project. The idea is to select several candidates (both small HAWTs and VAWTs), out-
line their most relevant features and estimate their power output on all the areas of interest
by using their power function and Weibull function in order to evaluate their suitability (next
section). For this purpose, power curves of all studied turbines are shown in Figure 2.5 in
accordance with the data provided by manufacturers.
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DS-300W P300-AB HY-600W SP-500W AH-1.5
Type VAWT VAWT HAWT HAWT HAWT
# Blades 3 4 5 3 3
Rated Output Power 300 W 300 W 600 W 500 W 1.5 kW
Rated Wind Speed 13.5 m/s 10 m/s 12 m/s 8.5 m/s 10 m/s
Cut-out Wind Speed 15.5 m/s 25 m/s 18 m/s 12 m/s 22 m/s
Start-up Wind Speed 2 m/s 2 m/s 2 m/s 2.5 m/s 3 m/s
Cut-in Wind Speed 3 m/s 3 m/s 2.5 m/s 3 m/s 3 m/s
Rotor ⌀ 1.24 m 1.36 m 1.75 m 3 m 3.2 m/s
Blade Span 1.06 m 1.4 m NA NA NA
Blade Material Anodised aluminium NA Composite Nylon Resin and Glass Fibre Reinforced Fibre Glass
Hub-Height 10 m 7 m 10 m 10 m 10 m
Table 2.1: Summary of the specifications of the candidates
All five candidates are small-scale wind turbines whose maintenance costs are scarce and
inexpensive, as well as the price of the turbines. Furthermore, their start-up wind speed
is relatively low and their wind speed ranges are adequate in view of the scenarios of the
project. It is important to reflect that the client can normally choose the most appropriate
hub depending on the use of the wind turbine (i.e. relying on the desired height).
As outlined in Table 2.1, two of the candidates are Vertical-Axis Wind Turbines and the
rest are small Horizontal-Axis Wind Turbines. Regarding the first group, DS-300W [22] is
a three-blades Darrieus Rotor manufactured by Hi-VAWT whereas P300-AB [23] is a four-
blades H-Rotor manufactured by State of the Art Wind Technologies (SAWT), companies
that are headquartered in Taiwan and USA respectively. Concerning the second group,
HY-600W [24] is a five-blade propeller turbine manufactured by the Chinese company HY
Energy while SP-500W [25] is a three-blade propeller turbine manufactured by the Peru-
vian organisation ITDG Soluciones Prácticas. Finally, the last candidate is a three-blade
propeller turbine, AH-1.5, which is the most powerful candidate, manufactured by the Chi-
nese manufacturer Qingdao Anhua [26].
Figure 2.5: Power curves corresponding to each candidate
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2.3.1. Power Coefficient
Regardless of how powerful a certain wind turbine is, it is crucial to know its efficiency by
calculating its Power Coefficient Cp. This parameter represents a constraint on the ability
of a certain wind turbine to convert kinetic energy in the wind into mechanical power [27].
Power Coefficient cannot exceed 0.5925, which is the Betz limit.
In accordance with the definition ofCp, it can be defined as follows, where Pk is the kinetic
power in the wind, m˙ is the mass flow, ρ is the air density, A is the swept area of the turbine,
V is the wind speed, and Pout is the turbine output power.
Cp =
Pout
Pk
=
Pout
1
2 · m˙ ·V 2
=
Pout
1
2 ·ρ ·A ·V 3
(2.1)
Figure 2.6 shows the Power Coefficient Cp as a function of the wind speed for all the
candidates of the previous section. Power Coefficient has been calculated by using data
provided by the manufacturer of each turbine and assuming sea level conditions (ρ =
1.225 kg ·m−3).
Figure 2.6: Power Coefficient as function of wind speed for all candidates
First, SP-500 is the most efficient at low wind speed values (near cut-in zone) and less
efficient in comparison to others as it approaches its cut-out speed. Second, DS-300 is
the less efficient turbine among the candidates, however, its efficiency is rather stable but,
according to the span of wind speed frequencies of the study, it could be affirmed that
DS-300 is the weakest candidate regarding efficiency. Third, P300-AB has the largest op-
erative range, ranging from 3 to 25 m ·s−1, and its efficiency is outstanding within the range
of wind speeds of the study in view of the performance of the other candidates. Fourth,
HY-600, which has the great advantage of having the lowest cut-in speed, thus it is capable
of operating at weak wind conditions. In addition, its efficiency bears a resemblance to the
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previous turbine within the range [3,11] m · s−1 but it decreases radically once wind speed
values exceed 11 m · s−1. Lastly, AH-1.5, which is the most powerful turbine, the second
most efficient turbine near the cut-in zone and the most efficient within the interval [7,12]
m · s−1. On the face of it, this turbine seems an excellent candidate in view of its Power
Coefficient curve, whose span is even larger than SP-500, thus it could take advantage of
stronger winds if they take place.
2.3.2. Results
In order to decide which turbine is the best candidate, some performance parameters will
be properly explained and evaluated for each candidate at each studied location.
2.3.2.1. Average Power Output
Average power output is probably the best and easiest manner to assess the performance
of a wind turbine. Once the power curves for each wind turbine are known, and the wind
power distribution at each location is obtained, this parameter can be obtained by using
the following expression:
Pav =
∫ vcout
vcin
Pturbine(V ) f (V )dV (2.2)
Where the limits of the integral refer to cut-in and cut-out values of the turbine, Pturbine(V )
is the power curve of the turbine and f (V ) is the distribution function (i.e. Weibull, Rayleigh
or Burr depending on the location as explained in the previous chapter). Results are shown
below.
SP-500 DS-300 P300-AB HY-600 AH-1.5
Darnius 34.39 6.55 13 17.32 60.67
Siurana 24.45 3.16 6.57 7.9 30.23
Certascan 94.4 15.3 29.51 38.16 129.19
Camarasa 234.9 48.83 89.75 127.26 445.94
Oliana 13.7 1.61 3.5 4 16.1
Table 2.2: Average Power Output in Watts of the candidates at the studied locations
As it can be seen in Table 2.2, the best candidate in terms of Average power output is
AH-1.5 at all locations. Moreover, SP-500 is a very strong candidate as well in view of its
rated power. Note that AH-1.5 power output is greater than SP-500 but its rated power is
the triple than SP-500’s.
As mentioned in the previous chapter, wind power density already defined the potential
of each location, and therefore, the best power output is obtained at Camarasa. Besides
Camarasa, results obtained at Certascan and Darnius are also acceptable set against
Oliana, which is the weakest candidate, as it has previously been mentioned.
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2.3.2.2. Annual Energy Output
Once average power output is known, it is certainly easy to calculate the annual energy
output, which is a very useful and well-known parameter. Results will have the same sig-
nificance than the previous ones since this parameter does not include any other variable
that could change the tendency of the values (i.e. AH-1.5 will be the best candidate again).
Results are shown next in Table 2.4.
SP-500 DS-300 P300-AB HY-600 AH-1.5
Darnius 301.3 57.3 113.9 151.7 531.5
Siurana 214.2 27.7 57.5 69.2 264.8
Certascan 826.9 134.1 258.6 334.3 1,131.7
Camarasa 2,057.6 427.8 786.2 1,114.8 3,906.4
Oliana 120 14.1 30.3 35 140.5
Table 2.3: Annual Energy Output in kW ·h of the candidates at the studied locations
2.3.2.3. Specific Power Output
Since different type of wind turbines have been considered (i.e. HAWT and VAWT) and
they have different rated powers, this parameter will be useful. Indeed, specific power
output is the output power per unit of swept area and is useful when comparing turbines of
different size or design [27].
SP-500 DS-300 P300-AB HY-600 AH-1.5
Darnius 4.9 4.6 6.8 7.2 7.5
Siurana 3.5 2.2 3.4 3.3 3.8
Certascan 13.4 10.8 15.5 15.9 16.1
Camarasa 33.2 34.4 47.1 53 55.5
Oliana 1.9 1.1 1.8 1.7 2
Table 2.4: Specific Power Output in W ·m−2 of the candidates at the studied locations
According to the results above, P300-AB has an outstanding performance in terms of
swept area since its output power is reasonable in view of its swept area, which is better
than its direct competitor (i.e. DS-300 VAWT). Moreover, the values are very close to
HY-600 values, which has the double rated power.
Regarding HY-600, it can be affirmed that its performance in terms of swept area is ex-
cellent as well since its swept area is lower than SP-500, but its specific power output
is higher. In spite of this, the turbine that demonstrates the best performance is AH-1.5
because it obtains the highest specific power outputs in all scenarios.
In this context, HAWTs have obtained better results than VAWTs, however, P300-AB has
a wider functional wind speed range, which could be an immense pro in other scenarios
where higher wind speeds were more frequent.
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Notice that these results are rather insightful as they indicate that turbines that reach higher
values are better in terms of performance but they also reveal how worthy it is to install a
certain turbine: it may be more efficient to set up more small turbines whose specific power
output is higher than installing a minor amount of bigger turbines.
2.3.2.4. Capacity Factor
Capacity factor is the ratio of the energy produced in a year to the energy that would
be produced if the turbine operated at its rated power, therefore it is unitless. This ratio
indicates how suitable a certain place is in view of the capabilities of the turbine. Besides
wind turbines, this ratio is widely utilised for assessing other types of resources, such as
nuclear and hydroelectric plants. Typically, capacity factor of wind turbines is approximately
equal to 33%.
SP-500 DS-300 P300-AB HY-600 AH-1.5
Darnius 6.9% 2.2% 4.3% 2.9% 4%
Siurana 4.9% 1.1% 2.2% 1.3% 2%
Certascan 19% 5.1% 9.8% 6.4% 8.6%
Camarasa 47% 16.3% 29.9% 21.2% 29.7%
Oliana 2.7% 1% 1.2% 1% 1.1%
Table 2.5: Capacity Factor of the candidates at the studied locations
As it can be seen in Table 2.5, turbines reach the typical value 33% solely in Camarasa.
Indeed, this is reasonable since rated wind speeds of the turbines (see Table 2.1), do not
bear any resemblance to the obtained values at the studied locations except Camarasa,
actually, they are rather greater than these values, which results in low ratios. Nonetheless,
results at Darnius Boadella and Certascan are not that disappointing, specially for SP-500,
P300-AB and AH-1.5.
2.3.2.5. Wind Turbine Availability
Lastly, wind turbine availability will shed light on the previous parameters since the time in
which the wind turbine is working has a major impact on the performance of the turbine.
Thus, their range of operation will play a major role here. Normally, turbines operate for
65-80% of the time depending on demand and on whether the wind speed is below their
cut-in speed or above cut-out speed [27].
SP-500 DS-300 P300-AB HY-600 AH-1.5
Darnius 24% 24.6% 24.6% 35.3% 24.6%
Siurana 24.5% 24.5% 24.5% 55.27% 24.5%
Certascan 52.3% 53.1% 53.1% 64.1% 53.1%
Camarasa 88.7% 90.2% 90% 97.3% 90.7%
Oliana 18.2% 18.2% 18.2% 31.7% 18.2 %
Table 2.6: Wind Turbine Availability of the candidates at the studied locations
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As expected, best results are obtained at Certascan and Camarasa, where turbines op-
erate above half of the time, which is a very encouraging result and explains the previous
results. Furthermore, HY-600 has the best availability at all locations since its cut-in speed
in lower in comparison to the other turbines, however, its power curve is worse than SP-500
and AH-1.5 power curves. In fact, even though SP-500 has the shortest wind speed span
(i.e. difference between cut-in and cut-out values), it is the turbine that takes advantage
of the ranges of wind speed at these locations, which results in the second highest power
output, thus, the second highest energy output.
2.4. Carbon Footprint Analysis
Carbon footprint can be defined as the total amount of emissions caused by an individual,
organisation or project, expressed as carbon dioxide (CO2) equivalent. In short, it allows
us to measure the climate change impact of something.
To conclude this chapter, it is certainly appealing to quantify the carbon footprint of some
conventional sources of energy by using the energy output of each studied turbine to take
notice of the reduction in emissions.
Some associations and organisations provide estimated information on the kilograms of
carbon per kWh that each power source emits [28, 29]. In accordance with these figures,
we can calculate the energy production carbon emissions we could save by deploying any
of the studied wind turbines (see Table 2.7) at Camarasa.
SP-500 DS-300 P-300-AB HY-600 AH-1.5
Black Coal 658.4 136.9 251.6 356.7 1,250.1
Crude Oil 555.6 115.5 212.3 301 1,054.7
Natural Gas 432.1 89.8 165.1 234.1 820.3
Nuclear 205.8 42.8 78.6 111.5 390.6
Table 2.7: Carbon emissions (kg/year) that would be saved depending on turbine energy
output
As shown in the previous table, the impact on the environment will be significantly reduced
by deploying any of these turbines, but specially SP-500 and AH-1.5 because they have
the highest energy output. In the case of coal and crude oil, the figures are very noticeable
since these power sources are well known as highly contaminating resources.
Notice that supply chain carbon emissions have not been taken into account. If they were
taken into account, the carbon emissions of the wind farms would not be zero since elec-
tricity requires a transmission from the wind farm to houses.

CHAPTER 3. EVALUATING ADAPTED
OFFSHORE STRUCTURES FOR DAM AREAS
Undoubtedly, ground-based turbines are the most common as well as the most extended
type of wind turbines. However, it is certainly true that other innovative alternatives exist
in the market: offshore wind turbines. The advocates of offshore wind turbines often point
out that the necessary area required for further development of wind energy on land would
limit the development of this energy in the near future.
Regardless, it is unassailable that offshore structures have several advantages over ground-
based structures. A strong argument in favour of these settlements is the higher wind
speeds available over the open sea [30] as well as the possibility of setting up even larger
wind turbines, which are strictly forbidden on land due to several reasons, such as acous-
tic noise or environmental issues (e.g. bird strikes). Indeed, offshore wind turbines are
becoming larger and larger to increase the power output. Actually, this fact has led large
companies to be more and more interested in offshore wind production. A great deal of
research into this topic carried out by several universities endorse the sustainability and
benefits of these wind farms, as [31, 32]. Nonetheless, these arguments, in the context of
this project, are not applicable since dam sites, obviously, do not meet these requirements.
In spite of this, it might be certainly interesting to place turbines in the reservoir if terrain is
too abrupt to set up wind turbines.
In this chapter, the study will be mainly focused on explaining the two groups of offshore
structures and assessing whether their implementation is doable, and better than ground-
based wind turbines taking into account the conditions of the project.
3.1. Foundations
Naturally, the construction of a foundation to fix the wind turbine on the bottom of the
dam (or sea floor) is far more complicated than fixing a conventional wind turbine to the
ground. The greater the depth of the water, the more expensive the investment becomes.
In general, it could be stated that several types of offshore foundations exist depending
on the depth of the water and the size of the structure resting on them. There are today
basically four basic designs that are utilised.
3.1.1. Gravity-type Foundation with Caissons
A concrete caisson is floated and towed to the site where it is submerged and brought to
the required weight by means of filling material (sand or gravel). This kind of foundation
is utilised for shallow waters, therefore it could be clearly suitable for the purpose of the
project. In fact, caisson foundations are the most cost-effective solution in shallow water
with a few metres depths [15].
According to [15], there is a rule of thumb which says that the mass increases almost as a
square of the water depth (i.e. the cost increases as a square of the water depth). For this
reason, their use is restricted to a maximum water depth of 10 m.
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Concerning its vibration characteristics, it can be affirmed that it is a stiff foundation. In
addition, a great advantage of this foundation is that it can be removed without much
effort.
Figure 3.1: Depiction of a gravity-type foundation
3.1.2. Monopile
Monopile foundation consists of a free-standing steel pipe which is pushed into the sea
floor by means of a hydraulic hammer. On top of the pile a so-called “transition piece” with
a larger diameter is used to support the tower of the turbine.
It is a relatively simple foundation and it is preferred, as long as the weather conditions
are good enough, because it is relatively inexpensive since it does not require any special
preparation of the soil but the sea/dam bottom must consist of sand or gravel in order to
avoid expensive drilling work.
Regarding its vibration characteristics, monopile is a soft foundation, which means that the
soft response of the structure effectively reduces the fatigue load. Lastly, it is important to
highlight that this design is normally constrained by a maximum water depth of 25 metres.
Figure 3.2: Depiction of a monopile
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3.1.3. Tripod
This foundation consists of a central steel tube supported by three legs, but it might have
additional supports. The great advantage of this structure is its relatively light weight and
stiffness that make it the perfect candidate for deep waters. Moreover, it is a very stable
foundation even on uneven soils because its legs are very well anchored to the soil.
The main downsides of tripod are its preparatory work of the soil requirements in order to
ensure an adequate performance of the foundation, and its cost. For these reasons, this
foundation is normally avoided, and it is not a suitable candidate for the project.
Figure 3.3: Depiction of a tripod foundation
3.1.4. Jacket
Jackets normally consist of three or four corner piles interconnected with bracings whose
diameter is up to 2 metres. These foundations are used for rather deep waters. They have
good ratio of stiffness to weight and costs, however, they are not a good candidate for the
project since such great depths will never be reached.
Figure 3.4: Depiction of a jacket foundation
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3.2. Floating Structures
Floating structures are quite common in high seas applications where the depth of the
water is considerably high. These platforms are attached to the soil by means of lines. In-
herently, the dynamic characteristics of the turbines placed on these structures are rather
complicated due to the movement of the floating platform. In view of this, it is unquestion-
able that these structures are a clear alternative to foundations for deep water sites where
setting up a foundation is practically impossible, but it remains to be seen whether floating
structures could be an appropriate candidate for dams.
In accordance with [33], floating structures for wind power generation will become more
and more competitive during the years to come because of the technological improvements
that will permit a major decrease in the costs of these structures. Research into material
technology, among other fields will allow companies to install lighter structures consisting
of few pieces, thus reducing significantly assembly time and improving their performance.
Nowadays, three different variations of floating structures exist (see Figure 3.5) although
they may be combined in order to create other variations (i.e. hybrid systems).
3.2.1. Semi-submersible Platform
It is a buoyancy stabilised platform that floats semi-submerged on the surface of the water
while anchored to the soil with catenary mooring lines (there are several types of mooring
systems). Semi-submersible platforms normally require a massive structure to remain
stable.
The main advantage of these floating structures is their flexible application due to the ability
to operate in shallow water depths. In addition, the assembly of the turbine can be carried
out onshore, which makes much easier and cheaper the operation.
Despite the fact that they can operate in shallow waters, thus they could be suitable for
dams, a great downside is the high structural mass they need to maintain the stability.
Hence, heavy and bulky structures always imply costly expenses.
3.2.2. Spar-buoy
Spar-buoy is a cylindrical structure that is stabilised due to its centre of gravity position:
lower in the water than the centre of buoyancy (i.e. lower parts of the structure are heavy
whereas upper parts are rather light). This floating system provides good stability and they
are relatively easy to manufacture, however, their large size might trigger transportation
issues.
On the one hand, its excellent stability makes it a great candidate for harsh weather con-
ditions. Moreover, its simple design makes easier the manufacturing processes, lowering
the costs of the structure.
On the other hand, its size complicates the installation and possible repair operations, and
it is constrained to deep water locations.
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3.2.3. Tension Leg Platform
It bears a resemblance to the first variation as it is a semi-submerged buoyant structure
that is anchored to the seabed with tensioned mooring lines which provide stability. In
contrast to the previous structure, tension leg platforms are lighter and smaller.
It can be affirmed that it is probably the lightest floating structure, and, as well as the semi-
submersible platform, turbine can be assembled onshore. Furthermore, it has a great
stability.
The main inconvenience of this platform is related to its mooring and anchoring systems
since they are under extremely harsh conditions. Actually, this design increases stresses
on the aforementioned systems.
Figure 3.5: Three different types of wind floating structures: Spar-buoy (left), Semi-
submersible (centre) and Tension Leg Platform (right)
3.3. Constraints of Offshore Structures
Since the target of the project is to study the feasibility of wind power production in dams
and valleys, it is appropriate to distinguish what aspects could be taken from conventional
offshore wind turbines located on the sea. As it has been mentioned before, some foun-
dations and floating structures require certain conditions in order to ensure an adequate
deployment, such as a certain water depth. Naturally, the water depths encountered in
dams are rather low in comparison to oceanic areas, therefore it can be inferred that some
of the structures that have been outlined are not feasible for this purpose.
A rather recent investigation on the deployment of floating structures for wind power gen-
eration in the United Kingdom [34] could shed light on some of these issues. Concerning
the water depth requirements for each kind of floating system, it can be seen in Figure
3.6 that spar-buoys and tension leg platforms are unlikely to be suitable for the purpose
of the project since they require deeper waters, set against hybrid and semi-submersible
platforms that could be suitable for some locations. In spite of this, the authors highlight
that the optimal depth for the majority of platforms is expected to be in between 100 and
150 metres, where there is sufficient length and buoyancy on the mooring lines to reduce
the loads placed on the mooring and anchoring system.
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Figure 3.6: Water depth restrictions for floating structures [34]
Additionally, these structures are immense in comparison to the size and mass of the wind
turbines that are being studied. Obviously, whatever the structure, either foundation or
floating platform, need to be resized according to the type of wind turbine and location. The
authors of the aforementioned study revealed the Capital Expenditure (CAPEX) that could
come from a complete floating deployment (see Table 3.1). In order to take advantage of
this valuable information, some simple and quick economic computations will be exposed
next.
Platform Moorings Anchors Installation Balance System Decommissioning
Prototype 1.4 0.3 0.2 0.6 0.8 0.2
Pre-commercial 1.1 0.2 0.1 0.35 0.65 0.15
Commercial 0.6 0.15 0.05 0.3 0.35 0.1
Table 3.1: CAPEX breakdown by component for different deployment scales (£m/MW)
Assuming that the project is on its first stage, Prototype row will apply, thus the price will
be much higher than a commercial installation. Furthermore, it will be assumed that the
structure will be built in order to set up a 1 kW installation in order to contemplate the
scenario of the project.
*Note that the currency exchange applied is 1 £ = 1.13 e in accordance with currency
rates on February 2nd of 2018.
Platform Moorings Anchors Installation Balance System Decommissioning Total
CAPEX (e) 1,587 227 113 397 737 170 3,231
CAPEX (£) 1,400 200 100 350 650 150 2,850
Table 3.2: CAPEX estimation for a 1 kW floating wind turbine deployment
In view of the result in Table 3.2, it can be affirmed that these structures are costly and their
utility in this case is rather questionable. It is vital to contemplate that the turbines that are
being studied are small turbines, hence they are inexpensive turbines, and according to the
aforementioned estimations, the Capital Expenditure would outweigh the funds invested in
the turbine.
In addition to the Capital Expenditure, maintenance costs must be considered as well.
Maintenance costs, properly known as Operational Expenditure (OPEX), would be much
higher than ground-based turbines’ OPEX. The forecasts are based on the assumption
that the operating costs of offshore turbines (foundations and floating structures) will be
higher by, at least, 33 to 50% than on land.
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Besides, calculations lead to a poorer technical availability of the turbines. Instead of the
availability of 98% achieved today by ground-based turbines, a relatively lower availability
of about 92% is expected [15].
What is more, offshore wind turbines imply the problem of transporting the electrical energy
to land. Thus the electric infrastructure is a pretty complex system in contrast to ground-
based turbines. There are three features that must be taken into account much more than
on land. First, the reliability of the systems and, in consequence, their redundancy (i.e.
more cables need to be installed). Second, the higher costs of both of the components
and of the offshore installation. Third, the greater distance for transporting the energy to
land.

CHAPTER 4. ECONOMIC ANALYSIS
So far, a technical analysis has been carried out to determine the outputs and evaluate both
locations and turbines. However, the study conducted so far is not enough to determine
whether this project is viable or not. Indeed, it is a must to undertake an economic analysis
in order to determine whether the project will pay off in the long run. Actually, this study is
fundamental since it is the proof to show investors that the project is worthwhile (or not).
Thus, possible investors will want to carefully review it before raising any fund.
Having said that, the objective of this chapter is to distinguish the different costs involved in
the project and calculate some interesting parameters that can shed light on its economic
viability.
4.1. Generation Costs of Wind Energy
As many other sources of energy, wind energy has two different types of costs: initial
cost and operating cost. For wind turbines, the initial cost corresponds to those expenses
linked to purchase and installation, and the operating cost corresponds to the operation
and maintenance. In this case, maintenance expenses will be rather low as the studied
turbines are small-scale turbines that do not require heavy maintenance programs set
against larger models. Nonetheless, it is pertinent to take into account this factor as well
in order to obtain a more accurate figure.
4.1.1. Initial Cost
Undoubtedly, initial cost is probably the most obvious concept when thinking of setting
up a wind farm regardless of its size. This cost involves the cost of the wind turbine itself,
transportation, the cost related to connecting the turbine to the grid, and installation among
others that are not applicable in the context of this project. In principle, installation costs
should be negligible because the studied wind turbines are relatively easy to install as their
manufacturers ensure.
The cost of each wind turbine was obtained by contacting each manufacturer. Concerning
transportation costs, some manufacturers provide an estimation, whereas others do not.
However, freight cost suffers from great variations depending on the quantity of ordered
turbines. In view of this, since calculations will be made on a unitary basis, transportation
expenses will not be included in order not to give a misleading result. Eventually, con-
nection to the grid expenses can be estimated as 115.24 e/kW in accordance with [35].
Results are shown next in Table 4.2.
DS-300 P-300 SP-500 HY-600 AH-1.5
Cost e 973 1,043 841 [36] 477 770
Grid Connection e 35 35 58 69 173
Initial Cost e 1,008 1,078 899 546 943
Table 4.1: Initial cost summary for each studied turbine
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4.1.2. Variable Cost
Normally, initial costs represent the largest part of the overall capital expenditure in wind
energy, set against fossil fuel fired technologies, in which fuel expenses outweigh initial
costs [37]. In spite of this, it is certainly interesting to estimate variable expenses as well
to acquire a better approximation.
Variable costs typically include operating and maintenance (O&M), insurance and land roy-
alties. Assuming that the evaluated areas belong to the national government, and that they
would lend these lands for the deployment of the project, land royalties will be disregarded.
Regarding O&M and insurance, it is important to mention that it is possible to sign a con-
tract with a supplier to obtain a fixed price for both. According to the Spanish Wind Energy
Association among other well-known European institutions, a reasonable level of variable
costs would be between 1 and 2 ecent/kWh over the lifetime of the wind turbine (lifetime
of a wind turbine is typically 20 years). As annual energy output for each known has pre-
viously been calculated, it is relatively easy to estimate the annual variable expenditure for
each turbine (assuming 2 ecent/kWh) at the best location of this study (i.e. Camarasa).
DS-300 P-300 SP-500 HY-600 AH-1.5
Annual Energy Output (kW ·h) 427.8 786.2 2,057.6 1,114.8 3,906.4
Annual Variable Cost e 8.6 15.7 41.2 22.3 78.1
Table 4.2: Annual Variable Cost per year for each candidate at Camarasa
4.2. Levelised Cost of Energy
Levelised Cost of Energy (LCOE) can be defined as the present value of the price of the
produced electrical energy (often expressed in units of cents per kilowatt hour), considering
the economic life of the plant and the costs incurred in the construction, operation and
maintenance, and the fuel costs. Obviously, in the case of wind energy, fuel costs are
nonexistent.
It is a very interesting value because it allows the comparison of different technologies
(e.g. wind, solar, natural gas) of unequal life spans, project size, different capital cost, risk,
return, and capacities [38]. Indeed, LCOE is thought to be critical to making an informed
decision to proceed with development of a facility, community or commercial-scale project.
Simplified LCOE for wind energy can be calculated as follows.
LCOEwind =
∑nt=1 It +Vt
∑nt=1Eout
(4.1)
Where n is the lifetime of the turbine (20 years will be assumed), It is the investment made
in year t,Vt refers to the variable costs in year t and Eout is the energy output. By using this
formula, it is possible to compute the LCOE for each studied turbine. Note that it has been
assumed that funds are provided by the government, therefore no interest rate applies.
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DS-300 P-300 SP-500 HY-600 AH-1.5
Total Investment e 973 1,043 841 477 770
Total Variable Costs e 172 314 824 446 1,562
Total Energy Output (MW ·h) 8.6 15.7 41.2 22.3 78.1
LCOE (e/kW ·h) 0.133 0.086 0.040 0.041 0.030
Table 4.3: LCOE for each candidate at Camarasa
Results in Table 4.3 have a very insightful meaning. According to the obtained results,
turbine AH-1.5 kW would be the best candidate as it provides the lowest cost per kW · h,
roughly a cent cheaper than SP-500 and HY-600. Besides the latter turbines, the remaining
candidates do not seem to be viable due to the high value of their LCOE. In general,
generation cost per kWh of an onshore wind farm today ranges from between 4.5 and 8.7
ecent/ kWh [35]. Having said that, DS-300 should be discarded whereas P-300 is still
within the acceptable range.
Besides comparing the LCOE for these turbines, it is certainly interesting to have a look at
the LCOE of conventional energy sources to have an idea of their generating cost and see
whether the difference is noticeable or not. Figures in Table 4.4 have been acquired from
[39] and they have been compared with the LCOE of AH-1.5 at Camarasa. IGCC stands
for Integrated Gas Combined Cycle.
*Note that the currency exchange applied is 1 e = 1.23 $ in accordance with currency
rates on April 2nd of 2018.
Gas Peaking IGCC Nuclear Coal Gas Combined Cycle
Min LCOE 0.127 0.078 0.091 0.049 0.034
Max LCOE 0.170 0.188 0.149 0.116 0.063
Mean LCOE 0.149 0.133 0.12 0.083 0.049
Relative Difference 397% 343% 300% 177% 63%
Table 4.4: LCOE of several conventional sources (e/kW ·h) compared with AH-1.5 LCOE
at Camarasa
In view of the results, it can be stated that the LCOEs of the studied turbines are rather
competitive, specially AH-1.5 kW. A great advantage of wind energy is its non-reliance on
fuel price, hence fuel price fluctuations do not have any impact on wind LCOE set against
the listed conventional sources, which are fuel sensitive.
4.3. Payback
Once investment cost and cost of energy have been calculated, it is crucial to know the
payback of this project. Specifically, investors might be interested in the yearly rate of
return and payback time. These parameters permit investors to know how fast their invest-
ment will pay off. Undoubtedly, no investor will be interested in a project whose payback
time is excessively large, thus it is important to provide a reasonable yearly rate of return.
In addition, we have to consider that it has been assumed that the lifetime of the turbine is
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20 years, hence payback times must be significantly lower than this figure, otherwise the
project will not be economically feasible.
Equation (4.2) characterises the yearly rate of return, which depends on the aforemen-
tioned project lifetime, total income stream and total turbine cost. Total turbine cost is
equal to the sum of initial cost and variable cost over the project lifetime.
Yearly rate o f return=
Total income stream
Total turbine cost
· 1
Pro ject li f etime
(4.2)
Total income stream depends on the price of electricity, that is, the market price of electric-
ity. In order to be accurate, price of electricity in 2017 will be assumed as 2017 mean value
to avoid misleading interpretations caused by previous year-to-year fluctuations. Accord-
ing to the Spanish Government [40], mean price of electricity in 2017 in Spain was 0.181
e/kW ·h. Having said that, total income stream can be characterised as follows.
Total income stream= Price o f electricity ·Energy production (4.3)
For the sake of making this study more realistic, inflation will be taken into account, that
is the so-called CPI (Consumer Price Index), which indicates how more expensive con-
sumer goods and services become. Unfortunately, this index does not remain constant
since it depends on a wide variety of factors. In fact, Spanish CPI (the so-called IPC) has
undergone severe changes during recent years. However, it is widely known that now the
economic situation has become more stable, therefore it is easier to estimate this index in
a more accurate manner.
According to some studies carried out by banks [41, 42], Spanish CPI will increase by a 2
% on an annual basis approximately. Therefore, a 2 % flat increase will be assumed each
year to calculate payback values in order to be conservative. Having said that, price of
electricity will vary as shown in Appendix E.
Once all required parameters are known, yearly rate of return and payback time can be
calculated for each wind turbine at Camarasa. Results are shown in Table 4.5.
DS-300 P-300 SP-500 HY-600 AH-1.5
Yearly Rate of Return 8.4 % 13.0 % 27.7 % 27.1 % 37.6 %
Payback Time (Years) 11.9 7.7 3.6 3.7 2.7
Table 4.5: Payback Time and Yearly Rate of Return for each turbine at Camarasa
Results in Table 4.5 show that the best candidate is AH-1.5 kW as it has the lowest payback
time. In spite of this, SP-500 and HY-600 obtain outstanding results as well. Indeed, all
three candidates would be capable of paying their investment back in the first years of their
lifetime. Nevertheless, the remaining candidates DS-300 and P-300 have larger payback
times (and lower yearly rates of return) although they are still within the acceptable range
(i.e. below 20 years).
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4.4. Profit
As the payback time for all the candidates is lower than the lifetime of the turbines, there
will be a profitable period for each turbine. This profitable period can be defined as the
difference between the lifetime of the turbine and the payback time. Profit for each turbine
at Camarasa is shown in Table 4.6 below.
DS-300 P-300 SP-500 HY-600 AH-1.5
Profitable Period (Years) 8.1 12.3 16.4 16.3 17.3
Profit e 774 2,170 7,565 4,078 15,191
Table 4.6: Profitable Period and Total Profit for each turbine at Camarasa
As mentioned in the previous section, DS-300 payback time is acceptable but still larger
than others, consequently, its profit is much lower. Nonetheless, the other candidates
would be able to generate a significant revenue, what makes them an attractive opportunity
for investors.
4.5. Economic Assessment of a Floating Installation
In the previous chapter, we have seen that floating structures and foundations do not seem
a good option for the project in view of their cost. What is more, it remains to be seen
whether locating floating turbines would have any advantage in terms of energy output.
Actually, it would be a good idea to study this topic in future work.
Regardless, this section will try to shed light on the economic feasibility of including floating
structures by repeating the previous calculations for the best candidate (i.e. AH-1.5 kW).
4.5.1. Initial & Variable Cost
Obviously, both initial and variable costs will be more costly as explained in the previous
chapter. The structure will imply an extra expenditure, what is more, having a floating wind
turbine will require more funds to maintain and operate it. As mentioned in the previous
chapter, variable cost will increase by a 50 % (at least). Therefore, a variable cost of 4
ecent/ kWh will be assumed. In addition, connection to the grid expenses will be doubled
to 230.5 e/kW.
Following the aforementioned assumptions, Table 4.7 shows an estimation of these costs.
Initial cost includes the cost of the turbine itself, the cost of the floating structure (including
moorings, anchors and balance system), installation and grid connection expenses.
Turbine Grid Connection Structure Installation Variable Total
770 346 3,996 596 3,125 8,832
Table 4.7: Initial & Variable cost in e of AH-1.5 kW floating installation at Camarasa
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Investment cost has radically increased due to the deployment of the floating structure.
Undoubtedly, this fact will have a significant impact on the cost of energy and payback
time, what could make this project to become unfeasible.
4.5.2. Levelised Cost of Energy, Payback & Profit
As both initial and variable costs have increased, levelised cost of energy will become
more expensive and the profitable margin will decrease. Therefore, payback time will
increase and it remains to be seen whether the payback time will remain below 20 years
(i.e. assumed turbine lifetime). By using the same formulas which have been used in the
previous sections, we can recalculate all these parameters for this particular case. Results
are shown below in Table 4.8.
LCOE (e/kWh) Yearly Annual Return Rate Payback Time (years) Profit e
Floating 0.113 9.9 % 10.1 8,832
Ground-based 0.030 37.6 % 2.7 15,191
Table 4.8: Ground-based deployment versus floating deployment of AH-1.5 at Camarasa
Results are significantly worse in comparison to the ground-based deployment as it was
foreseen. Cost of energy has undergone a noticeable increase, almost 10 cents, reaching
a cost of energy which is similar to the weakest candidate in the ground-based configura-
tion (i.e. DS-300). In fact, this cost of energy is now higher than coal and gas combined
cycle LCOE, and slightly lower than nuclear’s.
Additionally, yearly annual return rate has decreased resulting in a mildly longer payback
time, but still acceptable. Consequently, profitable period has decreased and thus, profit
too.
Despite the fact that results are much worse than ground-based results, they are still rea-
sonable and validate the feasibility of the project. However, further research should be
conducted to see if this configuration could benefit from stronger thermal winds, otherwise
there is no reason to deploy these structures unless lacking in space.
CONCLUSIONS
This Bachelor’s Thesis has studied the feasibility of setting up a wind farm consisting of
small scale wind turbines at dam and valley sites in Catalonia (Spain), assessing wind
speed distributions to carry out a probabilistic study to determine the suitability of each
location. Furthermore, a thorough research into small scale turbine market was carried
out, and several candidates were chosen in accordance to their performance parameters
(both HAWT and VAWT were considered to check which is the most suitable for this pur-
pose). These candidates have been evaluated using providers’ power curves, which have
allowed us to calculate important performance parameters, and finally, energy and power
output for each turbine at the studied locations. In addition, the possibility of bringing the
offshore concept by utilising floating structures and foundations has been contemplated.
Eventually, an economic analysis at the most suitable location (i.e. Camarasa) evaluated
certain financial parameters to confirm the financial viability of the project. After a careful
evaluation of the obtained results, several conclusions have been reached.
First, as the statistical study highlights, Camarasa is the best place to set up the wind farm
by far because its wind power density is the highest, although Certascan could be a good
candidate too. Besides results related to wind power, it can be affirmed that Weibull and
Rayleigh fittings were not as good as expected, specially at Darnius Boadella and Siurana,
where the amount of measurements was shorter. However, Burr distribution has demon-
strated a magnificent fitting in the aforementioned cases, and therefore, future projects
should consider testing this distribution before uniquely utilising the most common distri-
butions.
Second, concerning the studied turbines, HAWTs have demonstrated a better perfor-
mance in this context. Additionally, VAWTs are typically more expensive in comparison to
HAWTs, something that definitely hampers their economic viability.Furthermore, HAWTs
have demonstrated a better efficiency, specially at low speeds. Indeed, SP-500 is the
most efficient wind turbine at very low speeds (near cut-in zone) even though its efficiency
decreases drastically as wind speed increases. Regarding the other candidates, it can
be said that they have an acceptable efficiency within the wind speed intervals that this
project contemplates (low wind speeds), except DS-300, whose power coefficient is below
the average in the vast majority of the cases.
Third, it has been demonstrated that the deployment of the studied wind turbines would
avoid the emission of a large amount of carbon dioxide. Consequently, this installation
would contribute to move towards a more sustainable energy model.
Fourth, when it comes to utilising the "offshore" concept in this context, it is unquestionable
that disadvantages outweigh advantages. Whereas offshore wind turbines require founda-
tions and floating structures due to the immensity of their blades, which allows companies
to produce huge amounts of energy, small scale turbines would not be capable of taking
advantage of these structures. Actually, in view of the capital that would be invested in
these structures, it is unquestionably nonsensical. What is more, both foundations and
floating structures require a minimum water depth, therefore, the abrupt changes in water
capacity that dams are nowadays undergoing could expose and damage these construc-
tions.
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Fifth, having a look at the economic evaluation, it can be affirmed that the costs of en-
ergy of the studied turbines are reasonable in view of the cost of energy of conventional
sources. The lowest cost of energy is obtained by AH-1.5, and therefore, this turbine
can be regarded as the best candidate. Nonetheless, both SP-500 and HY-600 have a
reasonable cost of energy as well.
By analysing the payback time and the yearly return rate, we can realise how viable each
turbine is. The lowest the payback time, the better. Indeed, AH-1.5 payback time confirms
the hypothesis of this turbine being the best alternative since its payback time is the lowest
(2.7 years assuming a lifetime equal to 20 years). Nevertheless, all candidates would be
economically viable as their payback times are lower than 20 years (lifetime of the turbine).
Having said that, all of them could get a profit.
In short, Camarasa has shown a great potential when it comes to wind energy production,
where relatively high wind speeds are more likely to happen in comparison to the other
assessed locations. AH-1.5 would be the ideal candidate, being capable of producing the
highest energy output and would be economically viable. What is more, investors would be
able to get profit from this set up and invest the profit in more turbines to maximise energy
production.
Future Work
Currently, in the frame of the REDEEM Project, a Computational Fluid Dynamics (CFD)
analysis of Camarasa is being carried out to obtain more accurate results when it comes
to modelling terrain. Moreover, this study could shed some light on the possible layout of
the wind farm. It is essential to optimise the distribution of the turbines taking into account
their dimensions and terrain constraints. Once the optimum distribution is known, and
therefore, the number of turbines to be ordered, the person in charge of the project will be
able to negotiate transportation costs in order to include them in the economic model.
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APPENDICES

APPENDIX A. DISTRIBUTION PARAMETERS
AWbl BWbl BRay αBurr cBurr kBurr
Darnius 2.99 1.75 2.22 1.66 6.74 0.37
Siurana 2.98 2.89 2.0 2.40 6.33 0.81
Certascan 4.05 2.0 2.86 5.59 2.42 2.89
Camarasa 6.49 2.46 4.42 5.14 4.44 0.93
Oliana 2.51 2.62 1.70 2.80 3.65 2.16
Table A.1: Parameters that define the utilised distributions
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APPENDIX B. WEATHER STATIONS
COORDINATES
Darnius Siurana Certascan Camarasa Oliana
Latitude 42.34215 41.25079 42.70029 41.91780 42.07683
Longitude 2.83423 0.91060 1.27201 0.88175 1.31489
Table B.1: Coordinates of each MeteoCat Weather Station
55

APPENDIX C. BETA DISTRIBUTION
Figure C.1: Beta Wind Speed Distribution PDF at Darnius Boadella
Figure C.2: Beta Wind Speed Distribution CDF at Darnius Boadella
57
Figure C.3: Beta Wind Speed Distribution PDF at Siurana
Figure C.4: Beta Wind Speed Distribution CDF at Siurana
Figure C.5: Beta Wind Speed Distribution PDF at Certascan
Figure C.6: Beta Wind Speed Distribution CDF at Certascan
Figure C.7: Beta Wind Speed Distribution PDF at Camarasa
Figure C.8: Beta Wind Speed Distribution CDF at Camarasa
Figure C.9: Beta Wind Speed Distribution PDF at Oliana
Figure C.10: Beta Wind Speed Distribution CDF at Oliana

APPENDIX D. OTHER POWER OUTPUT
RESULTS AT CAMARASA
SP-500 DS-300 P300-AB HY-600 AH-1.5
Rayleigh 234.9 48.83 89.75 127.26 445.94
Burr 221.3 44.6 84.56 115.81 397.3
Weibull 256.52 48.7 93.1 126.1 452.2
Table D.1: Average Power Output in W at Camarasa depedning on the utilised distribution
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APPENDIX E. COST OF ELECTRICITY
VARIATION
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
0.185 0.188 0.192 0.196 0.200 0.204 0.208 0.212 0.216 0.221
2028 2029 2030 2031 2032 2033 2034 2035 2036 2037
0.225 0.230 0.234 0.239 0.244 0.248 0.253 0.259 0.264 0.269
Table E.1: Price of Electricity (e/kW ·h) variation assuming 2 % annual escalation
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APPENDIX F. MATLAB CODE
1 clear all
2 close all
3
4 display('Choose .txt file corresponding to input data: ');
5 [FileName01,PathName01,FilterIndex] = uigetfile('*.txt');
6 total_data = dlmread(FileName01, '\t');
7 [vect1,vect2] = size(total_data);
8 q = 1;
9 for i = 1:vect1
10 if (total_data(i,1) > 0)
11 weibull_data(q,1) = total_data(i,1);
12 q = q + 1;
13 end
14 end
15
16 %% Potential Law
17 H=10;
18 z_0=1;
19 h_0=2;
20 i=1;
21 while i<=length(weibull_data)
22 weibull_data(i)= weibull_data(i)*((log(H/z_0))/(log(h_0/z_0)));
23 i=i+1;
24 end
25
26 %% PDF
27 figure()
28 binranges = 0:0.5:max(weibull_data);
29 h=histogram(weibull_data,'Normalization','probability','FaceColor','g
','EdgeColor','w');
30 h.BinEdges=binranges;
31 xlabel('Wind Speed [m/s]','FontSize',14)
32 ylabel('Probability (%)','FontSize',14)
33 %ytix = get(gca, 'YTick');
34 set(gca, 'YTick',(0:0.01:1), 'YTickLabel',(0:1:100));
35 set(gca,'XTick',(0:1:max(weibull_data)));
36 hold on
37
38 pd=fitdist(weibull_data,'wbl');
39 a=0:(max(weibull_data))/(length(weibull_data)−1):max(weibull_data);
40 y=pdf(pd,a);
41 plot(a,y/2,'−c','Linewidth',2
42
43 parametros=struct('mean',mean(weibull_data),'standarddev',std(
weibull_data),'mode',mode(weibull_data));
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44
45 pdray=fitdist(weibull_data,'Rayleigh');
46 a=0:(max(weibull_data))/(length(weibull_data)−1):max(weibull_data);
47 yray=pdf(pdray,a);
48 plot(a,yray/2,'−r','Linewidth',2)
49
50 pdburr=fitdist(weibull_data,'burr');
51 yburr=pdf(pdburr,a);
52 plot(a,yburr/2,'−k','Linewidth',2)
53
54 axis tight
55 legend({'Wind Speed Distribution','Weibull Function','Rayleigh
Function','Burr Function'},'FontSize',12)
56 hold off
57
58 %% CDF
59 [weibull_data_cdf,e]=ecdf(weibull_data);
60 y_cdf_w=cdf(pd,e);
61 figure()
62 plot(e,weibull_data_cdf,'−g','LineWidth',3);
63 hold on
64 plot(e,y_cdf_w,'−−c','LineWidth',2)
65
66 y_cdf_r=cdf(pdray,e);
67 plot(e,y_cdf_r,'−−r','LineWidth',2)
68
69 y_cdf_burr=cdf(pdburr,e);
70 plot(e,y_cdf_burr,'−−k','LineWidth',2)
71
72 legend({'Wind Speed CDF','Weibull CDF','Rayleigh CDF','Burr CDF'},'
Fontsize',12,'Location','SouthEast');
73 xlabel('Wind Speed [m/s]','FontSize',14)
74 ylabel('Probability (%)','FontSize',14)
75 set(gca, 'YTick',(0:0.1:1), 'YTickLabel',(0:10:100));
76 set(gca,'XTick',(0:1:max(weibull_data)));
77 [h2,p2]= kstest2(y_cdf_w,weibull_data_cdf);
78 [h2ray,p2ray]= kstest2(y_cdf_r,weibull_data_cdf);
79 [h2burr,p2burr]= kstest2(y_cdf_burr,weibull_data_cdf);
80 grid on
81 grid minor
82 axis tight
83 hold off
84
85 fprintf('\nKolgomorov Smirnov Test (Weibull) = %f and p−value= %f \n\
n', h2,p2);
86
87 fprintf('\nKolgomorov Smirnov Test (Rayleigh) = %f and p−value= %f \n
\n', h2ray,p2ray);
88
89 fprintf('\nKolgomorov Smirnov Test (Burr) = %f and p−value= %f \n\n',
h2burr,p2burr);
90
91 %% Wind Power Density
92 rho=1.15; % Vary
93 PD_wbl = @(Vw) (0.5*rho*(Vw.^3).*wblpdf(Vw,pd.A,pd.B));
94 PD_burr = @(Vw) (0.5*rho*(Vw.^3).*pdf('burr',Vw,pdburr.alpha,pdburr.c
,pdburr.k));
95 PD_ray = @(Vw) (0.5*rho*(Vw.^3).*raylpdf(Vw,pdray.B));
96 WPD_wbl = integral(PD_wbl,0,20);
97 WPD_burr= integral(PD_burr,0,20);
98 WPD_ray= integral(PD_ray,0,20);
99 % WPD_Energy = WPD*24*365/1000;
100
101 %% Average Power
102 cont=1;
103 while(cont<=5)
104 [FileName1,PathName1,FilterIndex1] = uigetfile('*.txt');
105 power_data = dlmread(FileName1, '\t');
106 poly = polyfit(power_data(:,1),power_data(:,2),6);
107
108 disp(FileName1);
109 v_cin=[3,3,3,2.5,3]; %% SP500,DS300,P300,HY600,AH−1.5
110 v_cout=[12,15.5,25,18,22];
111 A=[pi*(1.5^2),1.34*1.06,1.36*1.4,2.4,pi*(1.6^2)];
112 Power_rated=[500,300,300,600,1500];
113 y_p = @(Vw) (polyval(poly,Vw).*wblpdf(Vw,pd.A,pd.B));
114 %y_p = @(Vw) (polyval(poly,Vw).*pdf('burr',Vw,pdburr.alpha,pdburr.c,
pdburr.k));
115 %y_p = @(Vw) (polyval(poly,Vw).*raylpdf(Vw,pdray.B));
116 Power_av(cont) = integral(y_p,v_cin(cont),v_cout(cont));
117 Energy(cont) = Power_av(cont)*24*365/1000;
118
119 Sp_Power(cont)=Power_av(cont)/A(cont); % Specific Power output
120 Capacity_factor(cont)=Power_av(cont)/Power_rated(cont);
121
122 data=weibull_data;
123 count=sum(data()>=v_cin(cont) & data<=v_cout(cont));
124 WT_availability(cont)=count/length(data);
125
126 % wspeed=power_data(:,1);
127 % wpower=power_data(:,2);
128
129
130 % a=1;
131 % while (a<=length(wspeed))
132 % P_k(a)=0.5*rho*A(cont)*((wspeed(a))^3);
133 % P_av(a)=wpower(a);
134 % Cp(a)=P_av(a)/P_k(a);
135 % a=a+1;
136 % end
137 %
138 % plot(linspace(v_cin(cont),v_cout(cont),length(Cp)),Cp,'−o','
LineWidth',1.6)
139 % xlabel('Wind Speed [m/s]','FontSize',12)
140 % ylabel('Power Coefficient Cp','FontSize',12)
141 % hold on
142 cont=cont+1;
143 end
144 % legend({'SP−500','DS−300','P300−AB','HY−600','AH−1.5'},'Fontsize
',12,'Location','NorthEast')
145 % grid minor
146 % hold off
